In the framework of hierarchical structure formation AGN feedback shapes the galaxy luminosity function. Low luminosity, galaxy-scale double radio sources are ideal targets to investigate the interplay between AGN feedback and star formation. We use VLA and BIMA observations to study the radio continuum emission of NGC 3801 between 1.4 and 112.4 GHz. We find a prominent spectral break at ≈10 GHz, where the spectrum steepens as expected from cosmic-ray electron (CRe) ageing. Using the equipartition magnetic field and fitting JP models locally we create a spatially resolved map of the spectral age of the CRe population. The spectral age of τ int = 2.0 ± 0.2 Myr agrees within a factor of two with the dynamical age of the expanding X-ray emitting shells. The spectral age varies only little across the lobes, requiring an effective mixing process of the CRe such as a convective backflow of magnetized plasma. The jet termination points have a slightly younger CRe spectral age, hinting at in-situ CRe re-acceleration. Our findings support the scenario where the supersonically expanding radio lobes heat the ISM of NGC 3801 via shock waves, and, as their energy is comparable to the energy of the ISM, are clearly able to influence the galaxy's further evolution.
INTRODUCTION
In the framework of the ΛCDM Universe hierarchical structure formation feedback, either by star formation or processes connected to active galactic nuclei (AGN), shape the observed galaxy population in today's Universe (e.g., Croton et al. 2006) . Powerful FR I and FR II radio galaxies are well studied but relatively rare; the energy input from lower luminosity jets may be as important for galaxy evolution, but it is much less well understood. Lowluminosity, galaxy-scale double radio sources on scales of 1-10 kpc are found in a number of elliptical galaxies, where they either resemble young, twin-jet FR I sources (e.g., NGC 1052, NGC 3801, Kadler et al. 2004; Croston et al. 2007) or in Seyfert and spiral galaxies where they typically show twin bubble/lobe features without obvious jets (NGC 6764, Markarian 6, Croston et al. 2008b; Mingo et al. 2011) . In both cases the jet-driven radio outflows can inject large amounts of energy into their environments, and may represent an important galaxy feedback mechanism (Croston et al. 2008a) .
Shock heating by the radio lobes is a very efficient way of E-mail: v.heesen@soton.ac.uk transferring energy from the AGN to the surrounding galaxy environment . The best studied example is Centaurus A, a low-power FR I source, where Mach ≈ 8 shocks surrounding the inner radio lobes heat the gas and accelerate cosmic rays to high energies Croston et al. 2009 ). Deep Chandra observations show the X-ray emitting gas to be concentrated in shells that are upstream of the radio lobes, constraining the jump conditions in the interstellar medium (ISM). The energy content of the radio lobes is a few times 10 55 erg, comparable to the estimated thermal energy of the host galaxy's ISM. This can be seen when one multiplies the energy density of the ISM, 3.8 × 10
−12 erg cm −3 (Croston et al. 2007) , with the volume within 11 kpc radius assuming a vertical height of 100 pc on both sides of the galactic midplane, which results in a thermal energy of 9 × 10 55 erg. A number of additional galaxies with supersonically expanding lobes have been found including NGC 3801 (Croston et al. 2007 ), Markarian 6 (Mingo et al. 2011 ) and the Circinus galaxy (Mingo et al. 2012) . The lobes of large FR I radio galaxies are not thought to be over-pressurized, but the majority of sources are likely to pass through a stage of evolution in which the lobes inflate supersonically and can hence drive shocks into their environment (e.g., Heinz et al. 1998 ).
For understanding the dynamics and evolution of radio galaxc 0000 RAS arXiv:1401.5312v1 [astro-ph.GA] 21 Jan 2014 ies, it is important to establish the particle content in FR I jets and lobes. For the powerful FR II lobes, the synchrotron minimumenergy estimates are roughly in equipartition with the external pressure measurements (e.g., Hardcastle et al. 2002; Belsole et al. 2004; Croston et al. 2004 ). This finding is corroborated by inverse Compton (IC) X-ray emission, which indicates that the electron energy density in FR II lobes are almost in equipartition with the magnetic field energy density in the absence of an energetically important proton population (e.g., Croston et al. 2005; Kataoka & Stawarz 2005) . On the other hand, it has been known for a long time that in lower-power (FR I) radio galaxies the cosmic-ray electrons (CRe) as derived from energy equipartition can not provide enough pressure to balance that of the external medium (e.g., Morganti et al. 1988; Hardcastle et al. 1998; Worrall & Birkinshaw 2000) . Electrons can not be responsible for the missing energy as they would be detected in X-ray emission via IC radiation which is not observed (Croston et al. 2003) . Hot, thermal gas with a temperature similar to that of the external medium would also be detectable in X-ray emission. Croston et al. (2008a) showed that entrainment likely plays an important role, with protons contributing the missing pressure: so-called 'bridged' FR I radio galaxies, where the jet has only a small contact area with the environment, have pressures much closer to the equipartition value than 'plumed' FR I sources, where the jet seemingly interacts with the ISM. A detailed study of the particle content in the plumed FR I source 3C 31 further supports this scenario (Croston & Hardcastle 2014) .
Radio continuum (RC) observations are a good way to establish the content of the relativistic cosmic rays and magnetic fields. This is particularly the case if one has a wide range of frequencies available to quantify the spectrum of the RC emission which can be used in conjunction with electron ageing models (e.g., Alexander & Leahy 1987) . Single-burst injection models (e.g., Jaffe & Perola 1973) have been shown to provide good fits to the spectral behaviour of lobes in large radio galaxies (e.g., Alexander 1987; Carilli et al. 1991; Liu et al. 1992; Hardcastle & Looney 2008; Harwood et al. 2013 ). They predict a characteristic break frequency in the synchrotron spectrum of the aged plasma, which is related to the magnetic field strength and the time since the population was accelerated. The spectral age estimate can be compared with the dynamical time-scales derived from the X-ray emission and the lobe expansion velocity and lets us investigate the history of the particle acceleration in the lobes. This is crucial for determining the energy released in shocks throughout the life of the source. In addition, this technique provides us with information about the spatial distribution of the CRe age, something that can be used to locate the areas where the young plasma is injected into the lobes (Harwood et al. 2013) . There is some discussion as to the extent to which spectral ages are reliable, because in some radio galaxies the spectral and dynamical age as obtained from the source expansion history are discrepant (e.g., Rudnick et al. 1994; Eilek & Arendt 1996; Blundell & Rawlings 2000; Goodger et al. 2008; Harwood et al. 2013) . However, for young radio galaxies like NGC 3801 with a dynamical age much smaller than 10 7 yr, spectral ages have been suggested to be much more accurate (Blundell & Rawlings 2000) .
In this paper, we present new RC observations of the lowpower FR I object NGC 3801. The radio lobes in this galaxy are small (≈ 10 kpc) and buried within the ISM of the S0/a host galaxy, which shows a disturbed morphology. It has two prominent dust lanes, one along the minor axis and another roughly perpendicular extending from the centre to the eastern edge (Heckman et al. 1986 ). The S-shaped radio lobes are surrounded by hot X-ray emit- (1999) ting gas shells detected by Chandra observations from which Croston et al. (2007) derived an expansion velocity of 850 km s −1 . Das et al. (2005) , using the BIMA millimetre-wave array, found a ring of cool molecular gas with a radius of 2 kpc, aligned with the minor axis, traced by 12 CO J = 1 → 0 line emission around the galaxy's nucleus. Atomic hydrogen H I emission imaging studies by Hota et al. (2009) and subsequently by Emonts et al. (2012) have shown the presence of a possible gas disc of 30 kpc size and rotating around the host galaxy. The detection of several compact sources in far-ultraviolet (FUV) radiation using GALEX observations shows star-formation activity in the last few 100 Myr, suggesting that NGC 3801 could be a transition object where the increased star formation following a gaseous merger is about to be quenched by the expanding radio lobes that disturb the ISM (Hota et al. 2012) .
Throughout this paper, we adopt a cosmology with H 0 = 70 km s −1 Mpc −1 , Ω M = 0.3, and Ω Λ = 0.7. We adopt a luminosity distance for NGC 3801 of 52.6 Mpc, obtained by correcting the heliocentric velocity of 3317 km s −1 (Lu et al. 1993 ) to the CMB frame of reference, which gives an angular scale of 0.25 kpc arcsec −1 . Other properties of NGC 3801 are listed in Table 1.
OBSERVATIONS AND DATA REDUCTION

VLA observations
Observations with the Karl G. Jansky Very Large Array (VLA) 1 were taken in March and May 2010 in the 'open shared risk observing' (OSRO) time. We used a bandwidth of 128 MHz with 64 channels of 2 MHz bandwidth at each observing frequency in Kband (22.0 and 25.0 GHz) and Ka-band (32.3 and 35.0 GHz). The sub-band frequencies in K-band and Ka-band were both observed simultaneously. We observed a flux calibrator, 3C 286, once during each observing session, and a phase calibrator every 5-10 min. For the data reduction we used the Common Astronomy Software Applications package (CASA) 2 . The necessary steps are laid out in the continuum tutorial of 3C 391 observations on the CASA homepage 3 , which we summarize in the following. Notes. The observations at 1.4 and 4.9 GHz were made with the VLA prior to the correlator upgrade. They were also combined with pre-existing archive data (AB920). The 4.9 GHz data in A-configuration were merged with those from the B-and C-configuration.
We used a model of 3C 286, because the calibrator becomes partially resolved at our high resolution, and calibrated the flux scale using the 'Perley-Taylor-99' calibration scale (Perley & Butler 2013) . Our Ka-band observations suffered from a failure to successfully observe the flux calibrator, 3C 286. This led us carry out some additional steps for the data reduction as described below. Continuum VLA observations are essentially now in spectral line mode, so that the bandpass has to be determined first, again using 3C 286. Phase and amplitude solutions were found by calibrating the secondary (phase) calibrator J1215+1654 and the flux scale bootstrapped from 3C 286. The time interpolated solutions were copied to our source NGC 3801.
We checked our data for radio-frequency interference (RFI) prior to imaging. About 20 per cent of our K-band data needed flagging, either due to RFI or because of weak antenna response resulting in high antenna noise after calibration, reducing the effective bandwidth to 100 MHz. The theoretical noise level in Kband with 1.5 h on-source time are 35 and 30 µJy beam −1 for 22.0 and 25.0 GHz, respectively. Our achieved noise levels are 42 and 30 µJy beam −1 respectively, only 10-20 per cent higher than theoretically expected. In Ka-band we needed to flag 50 and 30 per cent of the data at 32.3 and 35.0 GHz, respectively. This high fraction of data that needed to be flagged is likely due to a calibration difficulty, which we will discuss below. This reduces the effective bandwidth to 60 and 90 MHz resulting in theoretical noise levels of 37 and 32 µJy beam −1 , respectively, with 2.8 h on-source observing time. Our achieved noise levels of 63 and 51 µJy beam −1 , respectively, are 60-70 per cent above the theoretical expectation. This can be explained by a generally poor data quality, which was obvious by inspecting the (u,v)-data visually in CASA. We notice that the bandwidth of the observations is relatively small, so that the (u,v)-coverage is not very much affected by reducing the effective bandwidth.
We self-calibrated the K-band data in each channel determining new phase and amplitude solutions using the task BANDPASS three times, improving the r.m.s. noise level of our maps. In Kaband (at 35.0 GHz only) we self-calibrated our data in phase only taking all channels together using the task GAINCAL. For the imaging we used a multi-frequency multi-scale (MS-MFS) CLEAN algorithm as described by Rau & Cornwell (2011) . As our available relative bandwidth was fairly small, it was not necessary to use the spectral index fitting that this variety of the CLEAN algorithm can handle.
In order to establish an approximate flux scale for our Ka-band observations, we calibrated Ka-band data taken by other observing projects around our observing date of 2010 May 13. We used the averaged flux scale from May 12 and 14 (both AS1013) to bootstrap the flux density of our secondary calibrator J1215+1654 as 0.287 Jy at 35.0 GHz. In Ka-band the flux density of this calibrator is known to be changing significantly on consecutive days, so we calibrated our data with 3C 286 observations on several days. The observed flux density of our secondary calibrator was ranging from 0.25 to 0.35 Jy, with the exception of May 11 where it was 0.59 Jy. Disregarding the outlier on May 11, the flux density scale variation is 25 per cent which we thus adopt as the systematic error of our flux density measurements at Ka-band. We applied the flux scale as measured at 35.0 GHz also to the observations at 32.3 GHz, correcting for the radio spectral index of 3C 286, because at the latter frequency the data was strongly affected by weak antenna gains, which resulted in a high flagging fraction of 50 per cent. Thus, we presume that the observations at 35.0 GHz provide us with a more reliable flux scale. The bandpass was determined from 3C 286 observations on May 12 where we used their spectral window 'SPW=0' to calibrate our 'SPW=0' and vice versa with 'SPW=1'. This provided the best possible solution for the bandpass as checks of calibrated phases and amplitudes of our phase calibrator indicated.
Of course, we are aware of the limitations that our flux density scale approximation has, but as we will see below, the RC spectra we obtain show that our flux density measurements in Ka-band are broadly consistent with those we obtained from K-band, which were unaffected by the missing 3C 286 observations. We will discuss this point in Section 4.1 in more detail, where we will investigate the spectral behaviour of our RC data.
VLA archive observations
Observations with the VLA prior to the correlator upgrade were taken in 2006 in L-(1.4 GHz) and C-band (4.9 GHz) and published by Croston et al. (2007) . The L-band data were taken in A-and B-configuration, so that the resolution was matched with the C-band data taken in B-and C-configuration. For both bands the observations were taken in continuum mode with two intermediate frequencies (IFs) with 50 MHz bandwidth each. The data were reduced in AIPS with self-calibration in phase and amplitude (for L-band) and phase calibration in C-band. The L-band data were combined with archive data (AB923) for better (u,v)-coverage. Details of the data reduction are given by Croston et al. (2007) . We also created a high resolution map in C-band by combining so far un-published A-configuration data with those in Band C-configuration.
We used CASA's MS-MFS clean algorithm (Rau & Cornwell 2011) to create new images using the original reduced (u,v)-data.
We used no fitting of the spectral index as our relative bandwidth is small and there are not enough channels to do so. However, the multi-scale option results in much smoother images, particularly of the C-band data, in comparison with the AIPS cleaned version using only one scale. We used a Briggs robust weighting (RO-BUST=0). The r.m.s. noise of the L-band image is 28 µJy beam −1 and 27 µJy beam −1 for C-band. The theoretical expected r.m.s. noise is 25 µJy beam −1 both for L-and C-band. Hence, our measured noise level is only 10 per cent higher than the thermal noise level.
We created a set of images with a matched (u,v)-coverage to be sensitive to the same angular scale of emission. For this we used a UVRANGE of 0-76 kλ, which matches the K-band (22 GHz) observations, which have the lowest angular resolution. For L-band we also used robust weighing more inclined to natural weighting (RO-BUST=0.5) to have an angular resolution of 2.5 arcsec, close to the K-band observations. The same was done for the Ka-band observations. The shortest baseline in D-configuration is 35 m (ignoring projection effects at low elevations), so that the largest angular scale (LAS) is 44 arcsec in Ka-band. NGC 3801 is dominated by two radio lobes which have a maximum angular extent of ≈ 30 arcsec. Hence, we expect to be able to image all extended emission at Kaband. At all other observing bands the LAS measurable by the instrument is significantly larger.
MORPHOLOGY OF THE RADIO CONTINUUM EMISSION
In Fig. 1 we present the distribution of the total power RC emission for our six observing frequencies. The angular resolution 4 , r.m.s. noise level, and further details of the observations are tabulated in Table 2 . Figures 1a and b show an overlay on a three-colour composite made from SDSS r -(red) g -(green) and u -filter (blue) data. Figures 1c and d show an overlay on GALEX FUV data at λ155 nm, which we convolved with a Gaussian kernel to a resolution of 5 arcsec. For the false-colour representation of the FUV data we used a lower cut-off of 5× the r.m.s. noise level. The data used for the overlays in Figs. 1e and f are Chandra X-ray data between 0.5-5 keV, which were convolved with a Gaussian kernel to 1.97 arcsec resolution (see Croston et al. 2007 , for further details). The radio emission is clearly contained within the lobes and the wings, which show very sharp edges. We do not see any more extended emission at 1.4 GHz, where the CRe lifetime is the longest. At this low frequency the emission is almost as well contained as at 4.9 GHz and similarly at 22.0 and 25.0 GHz. Only at the highest frequencies, 32.3 and 35.0 GHz, the RC emission is contained in a smaller area than at the lower frequencies. This can be explained by the lower signal-to-noise ratio of the high frequency observations, which have a similar r.m.s. noise level but a reduced peak flux density than the other maps.
The nucleus clearly has a different spectral behaviour from the radio lobes. It is not visible at 1.4 and 4.9 GHz against the bright background emission from the jet, but at the higher frequencies it becomes ever more prominent and at 32.3 and 35.0 GHz it is the peak of the RC emission. On both sides, the jet emanates from the nucleus and then blends into the radio lobes. We notice that the maximum of the RC emission in the lobes is not coming from an area close to the nucleus but from an area further away, about 5-10 arcsec (corresponding to 1.3-2.5 kpc) away from the nucleus. Both lobes have extensions, known as wings, where the eastern wing extends at an angle of ≈ 45
• to the north-east and the western wing extends at angle of ≈ 90
• to the south. Where the jet termination points are located, assuming a straight jet from the nucleus to the end of the lobes, the contour lines are compressed (this is best visible in the 1.4 GHz map) indicating some interaction with the surrounding ISM. There is a faint extension at the termination point of the western lobe, both in the 1.4 and 4.9 GHz map, but no such extension is seen at the termination point of the eastern lobe -particularly in the 1.4 GHz map, although there is some spurious emission at 4.9 and 22.3 GHz where the structure is less well defined and does not resemble an extension by the jet.
The positions where the jet has its termination point and bends do correspond to the shells that are seen in X-ray emission, as can be seen from the overlays of the RC emission on to the Chandra X-ray emission (Figs. 1e and f). This suggests a strong connection between the cosmic-ray population in the jets responsible for the RC emission and the hot X-ray emitting gas, as discussed by Croston et al. (2007) . We will return to this point in Section 6.2.
RADIO SPECTRAL ANALYSIS
Radio lobes
For the analysis of the radio spectral index we convolved our RC maps to a matched resolution with a Gaussian kernel (FWHM = 2.66 arcsec). The flux densities were integrated within a rectangular area, using IMSTAT (part of AIPS). The flux density of the nucleus was determined by fitting a Gaussian function to it using IMFIT (part of AIPS). The values for the integrated flux density, for the nucleus and for the lobes are tabulated in Table 3 . As the nucleus has a very different spectral behaviour, we subtract the flux density of the nucleus to measure the integrated flux density of the lobes only. We combine our data with those of Das et al. (2005) who used the BIMA interferometer to measure flux densities in the sub-millimetre wavelength regime. We note that we have adjusted their quoted flux density error estimate of 10-20 per cent to take account of the fact that the subtraction of the nucleus in their lower resolution maps (FWHM ≈ 10 arcsec) is difficult, introducing further uncertainties. To separate the continuum emission from the radio lobes and the nucleus, they scaled a 1.4 GHz map with matching resolution to 112.4 GHz, assuming a constant spectral index of 0.77. However, the spectral index varies across the lobes with an amplitude that we infer to be ±0.05 (Das et al. 2005, their fig. 2 ), which introduces a further error of 8 mJy. Assuming a 20 per cent calibration error the flux density of the radio lobes is (36 ± 15) mJy. For the flux density of the nucleus, the subtraction is not so critical since the emission is not distributed, so that we only assume a calibration error of 20 per cent.
The integrated spectrum of the RC emission in the radio lobes is presented in Fig. 2 . It is obvious that the spectrum can not be described by a single power-law fit, corresponding to a constant spectral index. Rather, the spectrum shows some significant steepening at frequencies larger than 10 GHz leading to a curved spectrum. We have therefore fitted two different power-laws to the data, one between 1 and 10 GHz, and one between 20 and 112.4 GHz. The resulting spectral indices are α low = 0.6 ± 0.1 and α high = 1.1 ± 0.2. Here, we have defined the radio spectral index α by S ν ∝ ν −α , where S ν is the radio continuum flux density at the observing frequency ν. We notice that a least-square fit to the VLA data alone (3, 6, 12, 25, 50, 100, 200, 400, 800 ) × the r.m.s. noise level (for some maps the highest contours are not shown). The size of the synthesized beam is shown in the lower left corner. The contours are overlaid on to false-colour images, which are based on a three-colour composite of SDSS r -, g -and u -filter data (a-b), GALEX FUV data (FWHM = 5 arcsec) at λ155 nm in units of 10 −3 photons s −1 pixel −1 (c-d) and Chandra X-ray data (FWHM = 1.97 arcsec) between 0.5-5 keV in units of ACIS counts pixel −1 (e-f). The pixel size is 0.5 × 0.5 arcsec 2 . In panel (a) and (b) we have indicated the approximate major and minor axis by solid and dashed lines, respectively. Notes. Total integrated flux density, flux density of the nucleus and of the radio lobes. Data for ν 86.5 GHz are from Das et al. (2005) . between 20 and 35 GHz leads to a much steeper spectral index of α high = 1.6 ± 0.4. Particularly between 22.0 and 25.0 GHz, the spectral index is very steep. Nevertheless, within the error bars, a single power law can be fitted through all five data points with ν 22.0 GHz. This means that the flux densities Ka-band at 32.3 and 35.0 GHz are consistent with the other measurements, lending support to our chosen way of establishing a flux density scale for the Ka-band data (Section 2.1). We hence proceed with using the Ka-band data in our spatially resolved analysis of the spectral ages, which we present in Section 5.3.
Nucleus
The nucleus has a very different radio spectral index behaviour. It is not detected at 1.4 GHz among the bright background emission of the jet, so that we can only derive an upper limit for its flux density. At 4.9 GHz the nucleus can be detected with difficulty in our map made from B-and C-configuration data. However, our high resolution 4.9 GHz map made from a combination with A-configuration data, presented in Fig. 3 , shows the nucleus clearly resolved. At higher frequencies, between 22.0 and 35.0 GHz, the nucleus becomes ever more prominent. In the BIMA map at 112.4 GHz, presented by Das et al. (2005) , it has a peak flux density twice as high as the radio lobes. A Gaussian fit using IM- • 43 40. 5 (2MASS Redshift Survey, Huchra et al. 2012 ) agrees within 1 arcsec with the position of the radio nucleus. We can test the pointing error of the VLA by measuring the position of the nucleus and comparing it with the above position from the high-resolution map, where we find that between 4.9 and 35 GHz the positional accuracy is better than 0.2 arcsec.
We present the spectrum of the nucleus in Fig. 4 , where we include two more data points from the BIMA observations of Das et al. (2005) . We can see that the nucleus has clearly an inverted spectrum. A least-square fit to the data points results in α nuc = −0.3 ± 0.1. The inverted spectrum can be explained by an optically thick nucleus either due to synchrotron or free-free self-absorption. In case of synchrotron self-absorption we would expect a frequency dependence of the RC intensity as I ν ∝ ν 5/2 (e.g., Hughes 1991), and for free-free absorption we would expect I ν ∝ ν 2 . The fact that both jets have approximately the same brightness suggests that relativistic beaming towards the observer plays only a minor role. This means that the jet axis is close to the plane of the sky and we are looking at viewing angles Θ >> γ −1 on to the jet axis, where γ is the Lorentz factor of the relativistic flow in the jet. Thus, we expect the RC emission near the nucleus to be partially optically thin synchrotron emission, with spectral indices of −0.5 α −0.2 (Marscher 1980) . Our observed spectrum is consistent with this.
Spectral index distribution
In Fig. 5 we present the distribution of the radio spectral index at a angular resolution of 2.66 arcsec (= 0.67 kpc). As explained in Section 2.2, the maps were imaged with a similar (u,v)-coverage and convolved with a Gaussian kernel to the same resolution, so that they are sensitive to emission on the same angular scale. The maps were then registered to the same grid using HGEOM (part of AIPS), where the alignment is accurate within 0.2 arcsec (Section 4.2). We used the program BRATS (Broadband Radio Analysis ToolS, Harwood et al. 2013 ) to compute the radio spectral index. This program selects regions within a given set of maps that have emission above a certain signal-to-noise cut-off. Where the flux densities are sufficiently high, the region size is small of the order of one or only a few pixels. In areas of lower flux densities, the region size can be as large as one beam size to increase the amount of flux in it and thus to improve the signal-to-noise ratio. A least-square fit is applied to each map, taking into account the error of the flux density scale and the variation of emission within a certain region. We assumed a flux density error of 5 per cent (ν 4.9 GHz), 10 per cent (22 ν 25 GHz), and 25 per cent (32.3 ν 35 GHz) and a signal-to-noise cut-off of 10. We notice that the 32.3 and 35.0 GHz maps dominate the signal-to-noise cut-off and we have applied the same regions to all spectral index maps to ease the comparison between them. We excluded the nucleus in the spectral index study as it has a very different spectral behaviour, as discussed in Section 4.2.
In Fig. 5a the radio spectral index between 1.4 and 35 GHz is shown. We can see that the spectral index lies in a narrow range between 0.65 and 0.9 with little variation in most parts of the lobes where it is around 0.8. The flattest spectral indices are found near the termination point of the eastern jet with values between 0.65 and 0.7, whereas the steepest spectral indices are found at the southern tip of the western lobe with values reaching up to 0.9.
As we have seen already in Section 4.1, we can fit the RC spectrum by two power laws on both sides ν = 10 GHz, where the spectrum steepens. In Figs. 5b and c we present the radio spectral index between 1.4 and 4.9 GHz and between 22.0 and 35.0 GHz, respectively. The spectral index between 1.4 and 4.9 GHz is mostly ranging between 0.5 and 0.6 in the lobes. Close to the eastern termination point, the spectral index is flatter with α ≈ 0.4. The western lobe has a somewhat steeper spectral index at the western edge, where the spectral index has values between 0.6 and 0.8. In contrast, the radio spectral index between 22.0 and 35.0 GHz is much steeper with values between 1.2 and 1.7. There is again little variation of the spectral index as function of position within the lobes, with the flattest spectral index close to the eastern termination point (0.4 α 0.8).
Interestingly, at the termination of the western jet the spectral index is even steeper than in the surrounding area, with values between 2.0 and 2.5. Such a steep spectral index is otherwise only found at the western tip at the eastern lobe close to the nucleus. Hota & Saikia (2006) find an east-west asymmetry in the radio spectral index distribution of the southern radio lobe in NGC 6764 and attribute this to a possible asymmetry in the distribution of thermal gas, which contributes a flat RC via free-free emission. The H α flux of 8.9 × 10 −14 erg s −1 cm −2 , measured with HST by Verdoes Kleijn et al. (1999) , results in a thermal RC flux density of only 1 mJy at 1 GHz (using the conversion by, e.g., Deeg et al. 1997) . This is negligible even at 35 GHz, where the lobes have a flux density of 86 mJy. However, Spitzer 8 µm dust/PAH and GALEX FUV emission show that star formation is present, which is not seen in the HST H α map. It is hence conceivable that some ionized hydrogen is present, enshrouded by dust, which would be visible as thermal RC emission. Croston et al. (2008b) found that the asymmetry in the radio spectral index in NGC 6764 can be seen in the hardness ratio of the X-ray emission as well. They explained this with shock heating of the gas in the ISM, which leads to an increase in X-ray temperature and to a flattening of the RC spectrum due to localized CR re-acceleration. In NGC 3801, however, the X-ray emitting shell of hot gas surrounding the eastern lobe has a lower temperature of 0.7 keV than the western shell (1.0 keV). The origin of the radio spectral index asymmetry seen near the jet termination points thus remains unclear.
For the resolved radio spectral index distribution we hence can confirm the results we found for the integrated emission in Sec- tion 4.1: we find a flat spectral index of α low ≈ 0.6 between 1.4 and 4.9 GHz and a steep spectral index of α high ≈ 1.3 between 22 and 35 GHz. We find only little spatial variation of the spectral index across the radio lobes, indicating that the CRe population has an evolutionary history that varies only little as function of position. In Section 5.3 we will use this information to derive a spatially resolved map of the age of the CRe population within the radio lobes.
SPECTRAL AGEING
Synchrotron emission
Lobes of radio galaxies are sites of particle acceleration, where cosmic rays can be generated that could be detected directly in Gamma-ray emission . Recently, observations were able to find strong evidence of shock heating in the boundaries of outflowing radio lobes, similar to particle acceleration by supernova remnants (SNRs, Croston et al. 2009; Mingo et al. 2011 ). We will now work with the assumption that we are observing the synchrotron emission of shock accelerated CRe, similar as in Galactic (or extra-galactic) SNRs. This assumption is supported by our finding above that the radio spectral index between 1.4 and 4.9 GHz is with 0.6, consistent with that what is found for galactic SNRs (Green 2009 ). At higher frequencies, the electron show signs of ageing which is caused by the dominant synchrotron and IC radiation, which are dependent on the square of the electron energy: the electrons with the highest energy are losing their energy fastest. This results in a significant steepening of the radio spectrum above a certain break frequency ν brk . The break frequency is as a function of the spectral age τ, which is the time that has elapsed since freshly accelerated CRe were injected.
The synchrotron emission of a single CRe has a broad peak at the critical frequency ν cri , which is related to the electron energy E and the strength of the magnetic field component perpendicular to the line-of-sight B ⊥ (e.g., Rybicki & Lightman 1986 ):
The radiation losses by synchrotron and IC radiation of a single CRe are given by:
where U rad is the radiation energy density, U B = B 2 /(8π) is the magnetic field energy density, σ T = 6.65 × 10 −25 cm 2 is the Thomson cross section, and m e = 511 keV c −2 is the electron rest mass. Equation 2 is independent of the electron pitch angle θ, because it assumes that the pitch angles are isotropic, as expected for self-generated magnetic turbulence induced by cosmic-ray streaming (Kulsrud & Pearce 1969) .
The RC spectrum as a function of time can be numerically integrated using the CRe energy distribution as presented in Kardashev (1962) and the standard synchrotron radiation formula found in Pacholczyk (1970 Here, the equivalent cosmic microwave background (CMB) magnetic field strength B CMB = 3.2(1 + z) 2 µG is defined so that the magnetic energy density is equal to the CMB photon energy density. The break frequency moves with time to lower frequencies. In Fig. 6 we show a selection of JP model spectra, with spectral ages between 0 and 10 Myr with an increment of 1 Myr. We notice that the RC spectrum steepens at much lower frequencies than the actual break frequency, so that model spectra have to be fitted to the data. For instance, for a spectral age of 2 Myr the break frequency is ν brk = 400 GHz, much higher than the frequency of 10 GHz above where we found a steepening of the RC spectrum (Section 4.1). In order to calculate the synchrotron spectrum and the break frequency we need to estimate the magnetic field strength, which we will do in Section 5.2.
The spectral behaviour above the break frequency is different in various models. The so-called JP model by Jaffe & Perola (1973) assumes that the CRe pitch angles with respect to the magnetic field are isotropized, whereas the KP (Kardashev-Pacholczyk) model assumes that the CRe pitch angle is retained from its injection into the radio lobe. The JP model has the advantage that it better corresponds to the picture of self-generated turbulence due to Alfvén waves (e.g., Kulsrud & Pearce 1969) . The CRe pitch angle with respect to the magnetic field lines will be isotropized in the rest frame of the magnetized plasma. The break frequency is hardly affected by the choice of either the KP or JP model. The main difference between the two models is that the JP model predicts an exponential cut-off, whereas the KP model predicts a spectral steepening of α high = (4/3)α low + 1. This is because there are always some electrons at small pitch angles that still do emit synchrotron radiation, even for CRe that are observed above the break frequency. Both the JP and KP model assumes that the CRe are accelerated and injected in a single burst, which are referred to as single injection (SI) models. In addition to the single burst injection models, there are also continuous injection models (e.g., Kardashev 1962; Pacholczyk 1970 ). These models show also a spectral break, but the steepening is with ∆α = 0.5 much smaller than what SI models predict.
Equipartition magnetic field strength
In order to calculate the magnetic field strength the use of the equipartition assumption between the cosmic ray and the magnetic field energy density is the standard method (e.g., Beck & Krause 2005) . FR I radio galaxies appear to have under-pressurized radio lobes if equipartition is used, so that the combined pressure from cosmic rays and magnetic fields is lower than the surrounding pressure of the thermal hot gas as measured from X-ray emission (e.g., Morganti et al. 1988; Croston et al. 2003) . In NGC 3801 the shells of hot X-ray emitting gas, which are upstream of the radio lobes, have a thermal pressure that exceeds the pressure inside the lobes by a factor of ≈ 2-5. As the radio lobes are clearly expanding (Croston et al. 2007 ), the pressure inside the radio lobes as deter- mined from equipartition must be an underestimate. In many FR I radio lobes the equipartition pressure is even lower than that of the surrounding ISM. However, NGC 3801 is an exception to this rule as well as Centaurus A: the pressure in the X-ray emitting shells and hence the true pressure inside the radio lobes is more than an order of magnitude higher than in the surrounding ISM (Croston et al. 2007 ). This suggests that the deviation from equipartition may not be very large and we use the equipartition estimate as a lower estimate for the magnetic field strength.
We calculated the equipartition minimum internal pressure of the radio lobes, using measurements of the 1.4 GHz flux density for each lobe to normalize the synchrotron spectrum. Following Croston et al. (2007) we estimate the volumes of the lobes as spheres, finding for the western lobe 2.1 × 10 10 pc 3 and for the eastern lobe 2.5 × 10 10 pc 3 . These numbers are uncertain, because it is difficult to estimate the line-of-sight depth of the radio lobes. We assumed a broken power-law CRe number distribution with an injection index of p = 2.0. This is the theoretical expectation from first-order Fermi CRe acceleration by strong, non-relativistic shocks (Bell 1978; Blandford & Ostriker 1978) . As we will see below in Section 5.3, we can fit for the asymptotic radio spectral index at low frequencies which is identical to the injection radio spectral index α inj . We find α inj = 0.5 corresponding to a CRe spectral index of p = 2.0 (α inj = (p − 1)/2), in excellent agreement with the theoretical expectation. We integrated the CRe energy between the Lorentz factors of γ min = 10 and γ max = 10 5 , with a break at γ brk = 1.6 × 10 4 . As usual for radio lobes (both FR I and FR II) we assumed an electron-positron plasma with no contribution from protons. The resulting magnetic field strength is on average B = (11 ± 2) µG, where we assumed a 20 per cent error due to the uncertainty in the source geometry. In order to have pressure equilibrium with the X-ray shells a proton dominated model with K ≈ 200 and B = (49 ± 10) µG is needed, where K is defined by the ratio of the sum of proton and electron energy density to that of the electron energy density alone. The most likely magnetic field strength lies between these two values, which we take into account when calculating the spectral age in Section 5.3.
The break in the CRe spectrum, and hence γ brk , depend on the magnetic field strength, and vice versa. As we have now determined that the spectrum steepens above 10 GHz (Section 4.1), we can test whether we have used the correct γ brk . From Eq. 1 we can estimate the electron energy at 10 GHz to E = 7.5 GeV (for the model with no proton contribution). The frequency of 10 GHz thus corresponds to γ brk = E/(m e c 2 ) ≈ 1.5 × 10 4 , in agreement with our assumption above.
Spectral models
We used BRATS to fit JP models to our observed RC maps with the fitted regions and flux density errors identical to the ones used for calculating the radio spectral index (Section 4.3). A constant magnetic field strength (throughout this section we use B = 11 µG) is assumed throughout the source and the injection radio spectral index is prescribed as well. This leaves as free parameters the absolute flux density normalization and the spectral age, which we fit using a least-square procedure (with 6 frequencies we have d.o.f. = 4 as numbers of degrees-of-freedom). We present the spectral age maps that we have obtained, along with the distribution of the reduced χ 2 (= χ 2 /d.o.f.) in Fig. 7 . We define χ 2 by
where D i is the ith flux density measurement, M i the corresponding model value, and σ i the error on the measured flux density. As already found in our analysis of the radio spectral index in Section 4.3, the variation of the radio spectral index is small across the lobes and so is the variation of the spectral age. The age lies within a range of 1.8 and 2.4 Myr. The youngest CRe are found near the termination points of both the western and eastern jet, where the age is only ≈ 1.8 Myr. The area between the nucleus and the termination points, where the jet is presumably located, shows also a slightly younger age (1.9-2.0 Myr) than in most other areas of the lobes (2.0-2.3 Myr). Areas where the age is larger than 2.3 Myr are sparse and found only at the outer edge of both lobes. We notice that these are to be considered as the upper limits of the spectral age, because we have used the lower limit on the magnetic field strength from equipartition. For the higher magnetic field strength, the ages are reduced by a factor of 10. The minimum spectral age, 1.8 Myr, is clearly larger than zero. This differs from FR II radio galaxies that have a so-called 'hotspot' with a spectral age consistent with zero (e.g., Harwood et al. 2013) . The difference can be explained by the fact that in NGC 3801 there is no dominating young emission component such as found in the hotspots of FR II radio galaxies, because cosmic-ray transport plays an important role. We will come back to this aspect in more detail in Section 6.2. A magnetic field strength of B = 11 µG, with no contribution from protons, corresponds to a spectral age of 2 Myr in most parts of the radio lobes, in good agreement with the dynamical age of the lobes, as determined by Croston et al. (2007) based on the expansion speed of the X-ray emitting shells. For B = 49 µG, however, the magnetic field strength derived for a proton dominated model, we find a spectral age of 0.2 Myr, which can be regarded as the lower limit. Thus, will use in the following the spectral ages for the lower magnetic field strength and refer to Section 6.2 for a detailed discussion of the most likely value for the age of the radio lobes.
We do not include the BIMA data point at 112.4 GHz when fitting for the spectral age. We tested the influence of the 112.4 GHz data by extrapolating the radio spectral index between 1.4 and 35 GHz to 112.4 GHz. This is possible, because the radio spectral index between 1.4 and 35 GHz is almost identical to the spectral index between 1.4 and 112.4 GHz (Das et al. 2005 ). The result is that the spectral age is reduced by the inclusion of the data point to 1.3 Myr. This is because the break frequency is shifted to higher frequencies as the flux density at 112.4 GHz is too high for the JP model fitted to the data points between 1.4 and 35 GHz only. As explained above, the RC emission at each location is not caused by a single-age plasma, but by a superposition of various CRe populations. In this case, we expect to observe a superposition of JP models, resulting in a more power-law type behaviour for higher frequencies in agreement with the BIMA observations. Alternatively, a different spectral model such as the KP model, which does not have an exponential decrease of the flux density at higher frequencies, may be fitted. A variety of the JP model is the so-called Tribble JP model, that drops the assumption of a constant magnetic field within the source (Tribble 1993 ). Hardcastle (2013) modelled Tribble JP spectra, assuming a Maxwell-Boltzmann distribution of magnetic field strengths, and found that the shape of the spectrum at higher frequencies beyond the break frequency is not as steep as for a JP model. We hence fitted a Tribble JP model to the data and found that the fit is almost identical to the pure JP model (reduced χ 2 = 1.1, τ = 1.3 Myr). The same is true for the physically less motivated KP model. This may come as no big surprise, because we are fitting only for frequencies much smaller than the break frequency at ν brk ≈ 400 GHz and the difference between the JP, KP and Tribble JP model are only pronounced above the break frequency. The same result was found by Harwood et al. (2013) , who fitted the various varieties of spectral models to data of two FR II sources and found only a small difference between them. The most promising aspect of the Tribble JP model is that it can explain the better fitting to the data points, as for a KP model, but without making the unphysical assumption of preserved electron pitch angles.
The quality of the fit is mostly very good, with almost all parts of the lobes having a reduced χ 2 < 2.0. Only at the edges of the lobes, where the signal-to-noise ratio is lowest, is the reduced χ 2 larger with 2.0 < χ 2 < 5.0. The eastern edge of the eastern lobes has the highest reduced χ 2 ≈ 8.0, which is at the area where no spectral steepening for frequencies larger than 10 GHz is observed (Section 4.3). We notice that the areas with the youngest spectral ages, hereafter called the 'termination points', do not coincide with a particular high value of reduced χ 2 , nor does the younger area near the southern edge of the eastern lobe. Only the western edge of the western lobe has a slightly increased reduced χ 2 . The oldest spectral ages are all located in areas of a low reduced χ 2 . We conclude that the variation in CRe age is not due to a variation in the quality of the fit, supporting the idea that we are tracing an actual change of the spectral behaviour. We also varied the injection radio spectral index α inj and found that α inj = 0.50, which is the theoretically expected value, minimizes the average reduced χ 2 of the regions in our spectral age maps.
We can also repeat the spectral age analysis for the integrated flux densities as measured from the radio lobes. This is a valid procedure because of the small variations in the point-to-point fitted ages. The resulting spectrum and the JP model fit to the data are shown in Fig. 8 . For the integrated measurements we derive a CRe age of τ int = (2.0 ± 0.4) Myr with a reduced χ 2 = 0.53. This age is consistent with the spatially resolved analysis, which as described above shows only little variation of the spectral age across the lobes with values mostly between 1.9 − 2.2 Myr. In Fig. 9 we show spectra of RC emission integrated in small regions and fitted with a JP model. We plotted the spectra in each lobe on top of each other to highlight the small changes that can be seen for frequencies ν > ν brk , where younger areas show a smaller degree of spectral steepening as expected. In order to estimate the error on our electron spectral ages, we varied the input parameters and repeated the fit of the JP model to the data. This was done for both the resolved and the integrated spectral age measurements. A change of the injection spectral index by ±0.05 has a 20 per cent effect on the derived electron ages. Hence, we adopt this number as the formal error of the spectral ages.
DISCUSSION
Energetics of the radio lobes
NGC 3801 is an example of a radio galaxy with kpc-sized lobes that are surrounded by hot X-ray emitting gas. A key question is whether the radio lobes are heating the surrounding ISM of its elliptical host galaxy and are thus transferring the kinetic energy of the black hole powered jets to the environment. This can be done via shock heating where the radio lobes expand supersonically into the surrounding gas and are thus heating the gas via adiabatic compression. Such a model was proposed by Croston et al. (2007) who found that the density contrast of the X-ray emitting gas across the shock is a factor of ≈ 4, in agreement what is expected from Rankine-Hugoniot shock jump conditions. They found Mach num- Figure 9 . Plot of the integrated flux density of the radio lobes as function of frequency in various regions within the radio lobes. Overlaid are the JP model fit to the data used to determine the spectral age of the CRe. Spectra in the eastern (a) and western (b) radio lobe, respectively. The flux density scale is arbitrary and the spectra have been aligned vertically at low frequencies in order to highlight the differences at higher frequencies. (c) position of the regions within both radio lobes, overlaid on to the 35.0 GHz RC emission at 2. 66 resolution.
bers of 3-8, confirming a supersonic expansion of the radio lobes. The sound speed in the ISM is ≈ 210 km s −1 , so that a Mach number of M = 4 corresponds to a lobe expansion speed of v ≈ 850 km s −1 . If we take the distance between the nucleus and the re-acceleration site as 3.5 kpc, using the distance to the brightest parts of the symmetric radio lobes without the wings, we can derive the lobe dynamical age as τ dyn = L/v = 4 Myr. Our derived spectral age of τ int = 2.0 Myr (B = 11 µG) is a factor of two lower than this dynamical age, which can be considered as a good agreement given the uncertainties involved.
We now discuss the various effects to be taken into account that can alter the spectral age in comparison to the dynamical age of the lobes. These are IC and adiabatic losses, cosmic-ray transport (either by diffusion or convectively in the backflow from the termination points) and in situ re-acceleration. Any additional losses such as adiabatic losses and IC radiation would mean that the spectral age is an overestimate of the true lobe age. The ratio of IC losses to synchrotron radiation is proportional to the ratio of the radiation energy density U rad to the magnetic field energy density U B . The magnetic field energy density U B = B 2 /(8π) for B = 11 µG (Section 5.2) is U B = 4.8 × 10 −12 erg cm −3 . The radiation energy density consists of a contribution from the stellar radiation background field and heated dust as well as the CMB. We calculated the dust component from the far-infrared luminosity as measured by IRAS and used an area of A = π(5.6 kpc) 2 to calculate the dust component as U dust = L FIR /(2Ac). We scaled the stellar component to the dust component by U ISRF = 1.73 × U dust and added the CMB radiation energy density of 4.2 × 10 13 erg cm −3 . The resulting radiation energy density is U rad = 1.1 × 10 −12 erg cm −3 , only 20 per cent of the magnetic field energy density. We hence conclude that energy losses of the CRe due to IC radiation are small in relation to losses due to synchrotron radiation.
The effect of adiabatic losses on the CRe can be estimated by comparing the PdV work of the bubbles to carve the cavities into the ISM with the energy content of the radio lobes. Croston et al. (2007) estimate that the total energy in the shells, the sum of thermal and kinetic energy, is (1.4 ± 0.4) × 10 56 erg. This is in good agreement with the pressure work available from the internal pressure, which is P int V ≈ 10 56 erg. The energy required to inflate both cavities is only ≈ 7 × 10 54 erg, a factor of ≈ 25 lower than the energy stored in the shells. This discrepancy can be understood by the large ratio P int /P ISM = 15-23 of the internal pressure within the lobes to the pressure of the ISM, assuming that the internal pressure is equal to the pressure of the thermal X-ray emitting gas in the shells surrounding the radio lobes. Thus, adiabatic losses are only a small contribution to the CRe losses and will be neglected in the following discussion.
Cosmic-ray transport can play an important role in shaping the spectral age distribution: cosmic rays may diffuse along magnetic field lines or be transported convectively together with the magnetized plasma. In order to determine the structure of the magnetic field within the lobes, linear polarization measurements would be required; however a study by Hardcastle et al. (2012) of the FR I source 3C 305 suggests that there can be significant ordering of magnetic fields within radio lobes. This would allow CRe to stream along magnetic field lines with a maximum speed equal to the Alfvén velocity v A = B/ 4πρ, where ρ is the gas density. The gas density within the lobes is smaller than that of the ISM, n ISM = 4.6 × 10 −3 cm −3 , so that the Alfvén velocity within the lobes is larger than 560 km s −1 , comparable to the lobe expansion speed. During the dynamic age of the lobes τ dyn ≈ 4 × 10 6 yr the cosmicray diffusion length may be as high as 7 kpc, comparable to the size of the lobes. We hence expect cosmic-ray diffusion to be able in principle to even out any difference in the spatial distribution of the CRe spectral age. As an alternative to diffusion, cosmic rays can also be transported convectively together with the magnetized plasma. Hydrodynamical simulations of FR I galaxies by Perucho & Martí (2007) show that the backflow surrounding the radio lobes can have mildly relativistic velocities with 0.1-0.2c, much faster than the lobe expansion speed. A convective transport in the backflow is hence a second possibility to explain the very uniform distribution of CRe spectral ages within the lobes.
If IC and adiabatic losses were significant, we would overestimate the spectral age because we underestimate the CRe energy losses. The largest uncertainty comes however from the estimate of the magnetic field strength. For the higher magnetic field strength of B = 49 µG, which assumes a pressure contribution from protons, the spectral ages are approximately a factor of (49/11) 3/2 ≈ 10 (see Eq. 3) lower than for the equipartition magnetic field of B = 11 µG (without the contribution from protons).
Dynamical age of the lobes
Now that we have established that IC and adiabatic losses of the CRe do not influence our estimate of the spectral age, but cosmicray transport does, we try to constrain the dynamical age of the lobes. In Section 5.3 we found that the minimum spectral age is 1.8 Myr (B = 11 µG) and hence larger than zero. This can be explained by cosmic-ray transport: the CRe population at any given location is not a single-age plasma but a superposition of CRe populations that have been transported from various locations within the lobes. This scenario is corroborated by the fact that the spectral age distribution is almost uniform across the lobes with only small variations. Moreover, we observe always a line-of-sight average of the spectral age, further reducing the age differences within the lobes. Ongoing CRe acceleration, for instance in the termination points, lowers the spectral age but since the older components are dominating, the observed variation in the spectral age is small. We refrain from using a continuous injection model to explain the spectral behaviour of our source, because such a model is only valid if one emission component dominates, which is for instance the case in a 'hotspot' of a FR II galaxy (Heavens & Meisenheimer 1987) . The oldest CRe we find in the radio lobes have an age of 2.4 Myr. Thus, the most likely dynamical age lies between the ages of 2.4 and 4 Myr, where the latter value assumes a constant expansion speed of 850 km s −1 . The good agreement between spectral and dynamical age supports the assumption of an equipartition magnetic field strength with B = 11 µG. A higher magnetic field strength, where the magnetic pressure is in equilibrium with the pressure of the X-ray emitting shells, is unlikely, because the resulting spectral ages would be a factor of 10-20 too low in comparison with the dynamical age.
In Fig. 10 we present an overlay of the spectral age map on to the Chandra X-ray emission, in order to study the interplay between the CRe acceleration and the shock heating of the surrounding gas. We find that the termination points of the spectral age maps (see Fig. 7 ) are indeed spatially close to the X-ray shells, although the prominent eastern termination point is located within a gap of the X-ray emission. This strengthens our conclusion, and that of Croston et al. (2007) , that the X-ray emitting shells are indeed stemming from shock heating due to the expanding radio lobes. The shocks upstream of the contact discontinuity heat the surrounding gas of the ISM and the shocks downstream of the discontinuity reaccelerate the CRe. We do not have the spatial resolution to resolve the two regions, but Croston et al. (2009) did find that the X-ray emission in Centaurus A is indeed upstream of the RC emission, displaced by a distance of ≈ 300 pc.
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The age variation of the CRe in the lobes allows us to calculate the CRe bulk speed. The transport length is equal to the length of the wing, which is L ≈ 2.5 kpc for both wings. The age difference between the CRe age at the termination points, 1.8 Myr, and the oldest CRe, 2.4 Myr, is ∆τ = 0.6 Myr, so that we find v bulk = 4200 km s −1 , far higher than the Alfvén speed of 560 km s −1 . The Alfvén speed is only a lower limit though, because we have used the gas density of the ISM to calculate it (Section 6.1) and the density within the radio lobes is likely much lower. We can hence not rule out the streaming of cosmic rays along the magnetic field lines as an alternative mode of transport. However, this would require a spatial ordering of the magnetic field structure. Linear RC polarization measurements find a fractional polarization that is generally less than the theoretical maximum expected for a purely ordered magnetic field. In the presence of a turbulent component, the transport can be characterized rather by diffusion, where the required diffusion coefficient of D = L 2 /∆τ is with D = 3.1 × 10 30 cm 2 s −1 a factor of 10-100 higher than what is observed in the Milky Way or in other galaxies (e.g, Strong et al. 2007; Heesen et al. 2009; Berkhuijsen et al. 2013; Buffie et al. 2013; Tabatabaei et al. 2013) . The more likely scenario is thus that the CRe are indeed transported not by diffusion but convectively together with the backflow of magnetized plasma. Such a backflow has been proposed to explain the spectral index gradient in giant FR II radio galaxies before (Alexander & Leahy 1987) , but is also seen in hydrodynamical simulations of FR I radio galaxies similar to NGC 3801 (Perucho & Martí 2007) .
Apart from the termination points, we see another area of younger CRe along the area where the jet probably lies within the lobes. This could attributed to re-acceleration either within the jet (i.e. close to the nucleus) or within the radio lobes. Shock waves in the jet can be formed by standing re-collimation shocks, which are seen in the simulations of Perucho & Martí (2007) . Such shocks may be visible as knots in the RC emission, particularly at high resolution. In the inner jet of Centaurus find a number of knots, which do not have any detectable proper motion. Because they are almost stationary with respect to the relativistic flow in the jet, they are either candidates for standing shocks or shocks in the downstream flow of a collision with an obstacle (Goodger et al. 2010 ) -both are capable of in-situ particle acceleration within the jet. However, even in Centaurus A there are strong indications for another, more diffuse acceleration process in the outer 3.4 kpc of the jet, because the X-ray emission is truly diffuse and does not contain any knots (Kataoka et al. 2006; Hardcastle et al. 2007 ). Such diffuse X-ray emission is seen also in the jets of many other FR I sources (e.g., 3C 66B; Hardcastle et al. 2001 ).
The high-resolution map in Fig. 3 , which has a spatial resolution of 100 pc, shows several knots of emission in the jet, with the most prominent one about 6 arcsec away from the nucleus in the eastern lobe and three smaller knots in the eastern jet closer to the nucleus. In the western jet, there is an extended knot 4 arcsec away from the nucleus and no other visible knots further downstream. But comparing these results with the spectral age map in Fig. 7 , we do not find any striking similarities. We do not resolve in the spectral maps the inner knots within 1.25 kpc from the nucleus, because the nucleus confuses the emission, but we can already see that the jet is hardly younger than the surrounding plasma. Hence, we may be witnessing the influence of diffuse shock acceleration on the CRe and thus the RC emission. We notice that where the eastern jet bends from a south-eastern direction by 45
• to a western direction, most of the younger CRe in the eastern lobe are found. In the western lobe, where no such change of direction is seen, there is also no such prominent area of younger CRe. This favours the in-situ re-acceleration scenario, because if backflow was the cause the eastern and western jet should have a similar CRe age along the jet. At the position where the jet bends, there is a bright blob of hot X-ray emitting gas. We hence conclude that the CRe are accelerated by shock waves downstream of the contact discontinuity, where shocks upstream heat the ISM to X-ray emitting temperatures, in agreement with the observations of Centaurus A by Croston et al. (2009) .
The similarity to Centaurus A extends also to the RC spectrum: the young inner lobes in Centaurus A do not show any spectral steepening up to observing frequencies of 43 GHz, indicating a very young CRe population with a spectral age of less than 1 Myr (Alvarez et al. 2000) . Clarke et al. (1992) showed that the spatially resolved radio spectral index between 1.6 and 4.9 GHz has only little variation in both inner lobes. This can be explained again by an effective cosmic-ray mixing process such as convective transport in the backflow of the magnetized plasma.
6.3 The evolution of the radio lobes NGC 3801 is a young radio galaxy that we see in the early stages of its eventual transition to become a more developed FR I source. It has a so-called 'Z'-shaped symmetry, with the wings of the radio lobes pointing in opposite directions. A possible explanation is that the jet hits a shell of denser gas and gets deflected. The rotating gas in the ISM then moves the magnetized plasma and shock heated gas downstream (Gopal-Krishna et al. 2012) . Also, the radio lobes are more likely to expand along the vertical density gradient of the ISM. Typical H I scale heights in spiral galaxies are only a few hundred parsec which can be used as a reference, because much less is known about the scale height in elliptical galaxies. It is difficult to establish the exact geometry of the radio lobes, but we note that the jets are aligning well with the major axis of the galaxy (Figs. 1a  and b) . As noted by Das et al. (2005) it is very unlikely, however, that we are seeing the galaxy in edge-on position and that the dust lane extending to the south-east is indeed in the galactic plane. It is clear from H I measurements that the east side is redshifted and the west side is blue shifted (Hota et al. 2009 ). But we do not know whether the part north-east of the major axis is on the far or near side. We can try to make an educated guess by noting that the dust lane along the minor axis is much more prominent on the north side of the nucleus. This dust is likely associated with the molecular hydrogen as traced by the 12 CO J = 1 → 0 observations of Das et al. (2005) . They found a gas ring with 2 kpc radius rotating around the nucleus and aligned with the minor axis. Hence, the dust extends vertically in front of the far side of the galaxy north-east of the nucleus, creating the visible dust lane. In this scenario, the wings would be indeed downstream of the jet explaining the 'Z'-shaped symmetry. This geometry is shown in Fig. 11a ; for a five band multi-wavelength image, which encompasses the entire galaxy, we refer to Hota et al. (2012, their fig. 1) . Hota et al. (2009) measured the circular rotation speed as v circ = 270 km s −1 , which is a factor of three lower than the lobe expansion speed of 850 km s −1 . We hence would expect the wings to expand also into the direction opposite to the rotation of the gas, resulting in a structure more reminiscent of the X-shaped lobes of 3C 305 , which is not observed. Also, the fact that the H I is observed in a ring surrounding the galaxy suggests that the geometry is close to an edge-on position. The deflection of the lobes downstream in the rotating ISM would be hardly visible because it is mainly directed along the line-of-sight. The rotating ISM scenario may hence not offer the sole explanation. An alternative scenario is that the jets lie not exactly in the plane of the galaxy, but slightly inclined. In this case the wings could expand vertically along the density gradient away from the gaseous disc (Fig. 11b) . Because the jets are in exactly opposite directions, the wings would inflate into the opposite sides with respect to the galactic plane, creating the 'Z'-shaped geometry. Even if the jets do lie exactly in the plane of the galaxy, any warping of the gaseous disc creates an asymmetry. The stellar distribution indeed shows a pattern reminiscent of a hysteresis loop (Heckman et al. 1986; Hota et al. 2012) , indicative of such a warp. Thus, we propose that for NGC 3801 the scenario of the rising wings along the vertical density gradient of a gaseous, strongly warped, disc is the most likely explanation for the 'Z'-shaped symmetry.
AGN feedback
NGC 3801 has been proposed by Hota et al. (2012) as a galaxy that is in transition from a star-forming galaxy to a so-called 'red and dead' galaxy. The extended 30 kpc ring of H I led Hota et al. (2012) to conclude that NGC 3801 underwent a gaseous merger one billion years ago, observing that the H I ring is very asymmetric having a rotation period of 300 Myr (Hota et al. 2009) . If the gaseous merger had happened much longer ago, the H I distribution should be almost even. It is likely that this gaseous merger has initiated the star formation and also created the 2 kpc molecular ring that rotates perpendicular to the galactic plane. Hota et al. (2012) found the presence of GALEX FUV/NUV emission, indicating that the star formation occurred in the last few ×100 Myr, whereas the young age (few Myr) of the radio lobes means that the AGN has only recently started to become active. This is in accordance with the results of Schawinski et al. (2007) who find that in general the AGN activity peaks about 500 Myr after the onset of the star formation.
In Figs. 1c and d we show an overlay of the RC emission on to GALEX FUV emission tracing star formation in the past 100 Myr. The distribution of the NUV/FUV emission is much more extended than the size of the radio lobes, so that we are presenting here only the inner third of the galaxy (see Hota et al. 2012 , for the full map of FUV/NUV emission). The star formation is distributed in three main complexes following the wisp-shaped dust lane. The radio lobes are situated in the gaps between the star formation complexes, with the most prominent one roughly aligned with the dust lane along the minor axis. The central star forming complex is very similar to the disc of rotating molecular gas suggesting an association. Clearly, the jets and the lobes have not yet interacted with the molecular gas disc. The eastern lobe is surrounded by a rim of FUV emission, with the lobe residing in a depression of FUV emission. The wing of the western lobe is extending into a region, which contains little FUV emission. Hence, the distributions of the RC and the FUV emission display hints of an anti-correlation. It is possible that we are witnessing the early stages of the interaction between the star formation complexes and the radio lobes. Alternatively, the radio lobes are just expanding into the areas where the gas density is lower as already discussed in Section 6.3. It is sometimes proposed that feedback by AGN lobes can possibly even trigger star formation (e.g., van Breugel & Dey 1993) . We see no indication for young stars of a few Myr age, which would be detected by H α emission (see map by Verdoes Kleijn et al. 1999) . On the other hand, the age of the radio lobes is so small that it may well be that such stars are not yet formed or are still enshrouded by dust.
With the current expansion speed of the lobes the lobes will have expanded to the size of the galaxy in ≈ 10 Myr, thus possibly disrupting the star formation and eventually shutting it down. Our preferred scenario is hence that NGC 3801 is an example for a galaxy where the AGN feedback is able to quench star formation and hence shape the galaxy luminosity function as suggested by theoretical models (e.g., Croton et al. 2006 ).
CONCLUSIONS
We have observed the kpc-sized radio galaxy NGC 3801 with the VLA at frequencies between 22 and 35 GHz and combined the new data with VLA and BIMA archive data in order to study the RC emission between 1.4 and 112.4 GHz. We estimated the magnetic field strength by energy equipartition and used pixel-by-pixel based fitting routines from the program BRATS (Broadband Radio Analysis ToolS, Harwood et al. 2013 ) to fit JP model spectra to the RC maps. Our main conclusions are:
(i) The integrated RC flux density of the radio lobes has a spectral index break at ≈ 10 GHz. The spectral index steepens from α low = 0.6 ± 0.1 between 1.4 and 4.9 GHz to α high = 1.6 ± 0.4 between 22 and 35 GHz. A JP-model fit to the integrated data results in a spectral age of τ int = 2.0 ± 0.4 Myr.
(ii) The dynamical age of the radio lobes is τ dyn = 4 Myr, using the expansion velocity of the lobes as measured from X-ray observations by Croston et al. (2007) . The remarkably good agreement between spectral and dynamical age corroborates the scenario proposed by Croston et al. (2007) , where the hot X-ray emitting gas surrounding the radio lobes in shells is created by shock heating due to the expansion of the radio lobes. The energy as contained in the lobes is comparable to the energy of the ISM of the host galaxy, clearly able to influence its further evolution. NGC 3801 is a candidate for an elliptical galaxy, where in the aftermath of a gaseous merger star formation is to be suppressed in the next few 10 Myr due to feedback by its AGN.
(iii) The distribution of the radio spectral index across the radio lobes has only little variation, requiring an effective mechanism to re-distribute CRe within the lobes. A JP-model fit to the maps results in a map of the CRe spectral age, as derived by a superposition of mixed CRe populations. We find values between 1.8 and 2.4 Myr, where the youngest CRe are found at the jet termination points and the oldest in the wings of the radio lobes. The small age variation requires a CRe bulk velocity of 4200 km s −1 , where the CRe are transported convectively within the backflow of the magnetized plasma surrounding the relativistic jet.
(iv) In-situ re-acceleration of CRe is happening at the jet termination points, both in the eastern and western radio lobe. The integrated radio spectral index between 22 and 112.4 GHz is with α = 1.1 ± 0.2 flatter than expected for a pure JP model. This suggests ongoing CRe acceleration within the radio lobes. The spatial correlation between the hot X-ray emitting gas and the areas with a younger CRe spectral age means that the CRe are accelerated in shock waves downstream of the contact discontinuity, where the shocks upstream are responsible for heating the ISM to temperatures where they emit thermal X-ray emission.
(v) The JP-model fit allows us to measure the injection spectral index as α inj = 0.5 ± 0.05. This is in excellent agreement with first-order Fermi CRe acceleration by strong, non-relativistic shocks (Bell 1978; Blandford & Ostriker 1978) .
(vi) The closest agreement between spectral and dynamical age is found for an equipartition magnetic field strength of B = 11 µG, with no contribution from protons, assuming a pure electronpositron plasma. NGC 3801 is a young radio galaxy, where entrainment of protons does play a lesser role than in more developed FR I radio galaxies such as 3C 31 (Croston & Hardcastle 2014) .
